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Abstract 
Understanding CO2 dissolution is significant to the development of CO2 geological storage. It allows us to more accurately 
predict the extent of the CO2 plume. It also provides a better estimate of the trapping mechanisms to assist in interpreting the 
monitoring observations and to assess the risk of CO2 leakage. When CO2 is injected into methane-saturated brine aquifers, the 
dissolution process has been observed to be accompanied by CH4 outgassing from the pore water, which affects the properties of 
the gas phase and in turn CO2 migration. Currently available commercial and academic multiphase flow simulators (such as 
CMG-GEM and TOUGH2) assume instantaneous equilibrium of CO2 dissolution within a single grid cell, which introduces the 
maximum amount of dissolution and methane outgassing. The incomplete mixing due to the presence of a porous media and 
subsurface heterogeneity reduces CO2 dissolution rates by orders of magnitude compared to the well-mixed case. In this study, 
we investigate the effects of mixing-controlled CO2 dissolution and of methane outgassing on CO2 migration in the subsurface 
with the help of numerical simulations and laboratory experiments. We first developed numerical pore-scale models to 
demonstrate that the mass transfer rate of CO2 depends on the gas saturation and the aqueous CO2 concentration and that the 
mass transfer rate can be written as a power-law function of the CO2 saturation. Based on the mass transfer rate obtained from the 
pore-scale models, we then simulated the two-phase Darcy’s flow in a column test considering the dynamic dissolution process. 
Results show that the CO2 migration is affected by the mass transfer rate into the aqueous phase. Even within a small scale of 
several meters, which is the typical grid size used in simulation of carbon storage in the field, the assumption of instantaneous 
equilibrium may not be valid. When the mass transfer time scale is much larger than the advection time scale, the CO2-water flow 
acts as an immiscible flow, and the amount of CO2 dissolved within the advection time scale is negligible. As the mass transfer 
rate increases, the flow approaches the scenario with instantaneous equilibrium. Modeling and experiment presented here confirm 
the well-known observations that CO2 dissolution into pore water introduces a retardation effect on CO2 breakthrough. When the 
mass transfer rate of CO2 into pore water increases, the CO2 breakthrough is delayed, decreasing the extent of the CO2 plume. 
© 2013 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
Geological storage of CO2 has been proposed as an effective and a relatively inexpensive approach to reduce CO2 
atmospheric emissions (e.g., [1, 2]). However, little work has been done to quantify CO2 dissolution rates. Doing so 
will facilitate a more accurate predictive capability of the extent of CO2 plumes as well as provide a more precise 
estimation of the trapping mechanisms. An additional effect observed when CO2 is injected into CH4-saturated brine 
aquifers is a companion degassing of CH4 from water (e.g., the Cranfield field in the U.S. Gulf Coast [3]; the West 
Siberian basin in Russia [4]). The mixture of CO2 and CH4 that forms at the gas-brine interface has a lower density 
and viscosity than pure CO2, which will affect the mobility of the gas phase (e.g., [5]). If CO2 is injected into 
depleted oil or gas reservoirs, CH4 may exist as a residual gas in the pore space and as a dissolved gas in the aqueous 
phase at the onset of CO2 injection. This residual gas is predicted to reduce the mobility of the brine and increase the 
size of the gas plume as the residual CH4 mixes with the injected CO2 [6]. Although Hosseini et al. [7] provided an 
analytical model for the CH4 outgassing process, no experimental studies have been conducted to monitor this 
process and verify analytical and numerical models.  
Coupled with buoyancy and subsurface heterogeneity, CO2 dissolution into brine reservoirs is a complex process. 
The ternary phase diagram of CO2-H2O-CH4 or the binary CO2-H2O system (e.g., [8]) provides equilibrium partition 
coefficients at a given CO2 saturation. Currently available commercial and academic multiphase flow simulators 
(such as CMG-GEM and TOUGH2) apply the ternary phase diagram and assume instantaneous equilibrium 
dissolution of CO2 in water within a single grid cell. Although dissolution of CO2 in water reaches equilibrium 
relatively quickly in laboratory batch tests, instantaneous equilibrium in a grid cell with a typical size of several 
meters or more may not be realistic because of the limited contact area between CO2 and the pore water [2]. For 
example, Hassanzadeh et al. [9] demonstrated discretization errors associated with different grid sizes. More 
importantly, the processes of CO2 dissolution are dynamic rather than a simple equilibrium state. CO2 dissolution 
and CH4 outgassing involve three basic steps: (1) gas-phase transport of CO2 and aqueous-phase transport of CH4 to 
the gas-brine interface; (2) transfer of CO2 and CH4 through the interface; and (3) gas-phase transport of CH4 and 
aqueous-phase transport of CO2. Although it is reasonable to claim instantaneous equilibrium at the interface, 
transport in both the aqueous phase and the supercritical phase are mixing-controlled. Previous studies have 
concluded that mixing plays an important role in dissolution and reactions in porous media. The presence of a porous 
media with its inherent heterogeneity creates incomplete mixing, which results in field dissolution and reaction rates 
that are orders of magnitude smaller than observed in batch tests [10, 11]. Unfortunately, to the best of our 
knowledge, no previous study has evaluated the effects that incomplete mixing may have on carbon sequestration 
projects. A comprehensive study of mixing-controlled dissolution of CO2 or the relaxation time required by a porous 
system to reach equilibrium at a certain scale is warranted. A better understanding of the approximation resulting 
from the assumption of instantaneous equilibrium in the multiphase flow simulators will benefit simulations of CO2-
brine flow. 
The main objective of this study is to couple numerical modeling and laboratory experiments to investigate 
mixing-controlled CO2 dissolution and CH4 degassing. A pore-scale model is used to evaluate the mass transfer rate 
at different CO2 saturations by directly solving the advection-diffusion equation. By including the mass transfer 
mechanism, we are able to study the CO2-brine two-phase flow as a non-equilibrium process. Two-phase laboratory 
column experiments that consist of a CO2 gas phase and CH4-saturated water are designed to calibrate the numerical 
model. 
2. Evaluation of Mass Transfer Rate at Different Water Saturations 
In this section, we use a pore-scale model (Figure 1) and COMSOL software to evaluate the mass transfer rate of 
CO2 at different water saturations. We assume that the aqueous CO2 concentration at the interface is equal to the 
aqueous CO2 solubility at a given temperature and pressure. At the microscopic-scale, transport of CO2 in the 
aqueous phase is driven by molecular diffusion through the gas-water interface. Faisal Anwar et al. [12] 
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demonstrated that, as water saturation decreases, the interface area increases, which affects the mass transfer rate. At 
the macro scale, a common concept of dissolution is that the mass flux is driven by the concentration difference at 
the CO2-water interface and in bulk aqueous phase, which can be captured through a mass transfer coefficient. Here, 
the mass flow rate of CO2 from the gas phase to the aqueous phase is assumed to be: 
݆ ൌ ܭܸሺܿ௦௢௟ െ ܿ௕ሻ          (1) 
where j is the mass flow rate through the interface [M/T], K is the mass transfer coefficient [1/T], csol is the 
solubility of CO2 [M/L3], cb is the average concentration of CO2 in the aqueous phase [M/L3], and V is a unit volume 
[L3]. In the pore-scale model, the mass flow rate is obtained as the diffusive flux through the CO2-water interface, 
which can be calculated as a flux integral in COMSOL. The mass transfer coefficient depends on the bulk 
concentration in the aqueous phase, instead of being a constant as commonly used in practical applications (Figure 
2). We simplify the problem and take the value of the mass transfer coefficient when the normalized concentration 
difference (1-cb/csol) is equal to 0.5. In addition, the mass transfer coefficient decreases with the water saturation, 
mainly due to the reduction of inter-facial area (Figure 3).  
 
Figure 1. Geometry of the pore-scale model (blue = aqueous phase; grey = gas phase)  
 
Figure 2. Relationship between the mass transfer and the bulk concentration 
 
Figure 3. Relationship between the mass transfer rate and the gas saturation. K0.5 is the mass transfer when 1-cb/csol=0.5) 
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3. Column Experiments 
A 1-dimensional flow-through column experiment modified after Larson and Breecker [13] was used to validate 
results from numerical modeling (Figure 4). In particular, we were interested in CO2 dissolution and CH4 outgassing 
rates. We used a 1 cm-diameter and 1 m-long stainless steel column that was packed with 100 Pm sieved well-
rounded quartz. A final column porosity of 0.3 and a pore volume of 42 ml were independently measured. All 
connections from the column to the switching valves and mass flow controllers were 1/16” diameter stainless steel to 
minimize dead volume. The column was initially filled with CH4-saturated water by flushing multiple pore volumes 
through the column using a high pressure liquid pump. This water was saturated with CH4 using a headspace gas 
equilibrator that maintains a constant headspace pressure of pure CH4 over the reservoir of feedstock water. During 
the experiment a steady state flow rate of water was maintained and aqueous samples were collected at the column 
effluent for subsequent analysis of dissolved gas concentrations. The two-phase experiment commenced when a 
selector valve at the head of the experimental column was switched from CH4 saturated water to a constant gas flow 
(96% CO2 and 4% Ar). Column effluent samples were collected in 6 ml sealed Exetainer vials. A narrow gauge 
syringe that was installed directly to the experimental column outlet was used to pierce individual Exetainer vials 
and ensure that representative samples of aqueous phase, gas phase, or gas and aqueous phase were collected. Prior 
to sample collection the vials were flushed with He and equilibrated to atmospheric pressure. Then, to ensure that the 
vials were not over-pressured during the sampling collection, 2 ml of He was removed from each vial using a 
syringe. At the beginning of the experiments each vial collected 6 minutes of effluent. When the first bubble reached 
the outlet, the sampling interval was reduced to 2 min/sample. 
Concentrations of CH4 and CO2 were measured using headspace gas chromatography. Since collected samples 
contained variable volumes of aqueous phase, Henry’s Law calculations were required to calculate the total mass of 
CH4 and CO2 in each sample vial. Figure 5 shows the CH4 and CO2 gas flux measured at the column outlet. A 
distinct bank of CH4 is observed to break through at 1 pore volume followed by a smooth breakthrough curve of CO2 
at 1.2 pore volumes. The retardation of CO2 relative to the CH4 bank is consistent with a retardation of CO2 flow rate 
due to dissolution of CO2 into the CH4-saturated water. In contrast, rapid exsolution of CH4 due to its low water 
solubility and chemical disequilibrium with the CO2-rich gas results in the formation of a CH4 bank at the gas-water 
interface. A similar development of a CH4 bank is interpreted to have formed at the front of the CO2 injection plume 
at the Cranfield site in Mississippi, USA [14]. 
 
Figure 4. Experimental platform used in two phase experiments. This platform includes a batch headspace gas equilibration reservoir and a flow 
through column. Gas flow and water flow rates can be controlled. 
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Figure 5. CH4 and CO2 breakthrough curves in the 1-D column experiment. 
4. Governing Equations of Two-Phase Multi-Component Flow at the Darcy Scale 
The mass conservation equation of the two-phase mixture is:  
߶ డఘ
డ௧
െ ߘ ڄ ሺߩሻ ൌ ഥ݉           (2) 
where p is the pressure [M/L/T2], I is the porosity [-], U is the density of the mixture [M/L], t is the time [T],  is 
the external mass source or sink [M/L3/T], which is assumed to be zero in this study ( =0). The momentum 
conservation equation in phase D is: 
ࢻ ൌ ߢ
௞ೝഀ
ఓഀ
ߘ݌,            (3) 
where the notation D w, g denotes the phase, w denotes water, and g denotes gas, N is the permeability of the 
porous medium [L2], and krD is the relative permeability of phase D [-]. The mass flux of the mixture is: 
ߩ ൌ ߢߣߘ݌,           (4) 
where O is the mobility of the mixture [LT/M], and the density and mobility of the mixture is defined as: 
ߩ ൌ σߩఈݏఈ,           (5) 
ߣఈ ൌ
௞ೝഀఘഀ
ఓഀ
ǡ ߣ ൌ σߣఈ,          (6) 
where sD is the saturation of phase D. The fractional flow function is: 
ఈ݂ ൌ ߣఈߣ.           (7) 
So that 6sD = 1, and 6fD = 1. The relative permeability is a power function of the saturation: 
݇௥ఈ ൌ ൬
௦ഀି௦ഀೝ
ଵିσ ௦ഁೝഁ
൰
௡ഀ
              (8) 
where sDr is the residual saturation of phase D, nD is the power-law exponent for phase D. In a two-phase flow, the 
density change is: 
       (9) 
where CD is the compressibility of phase D [LT2/M]. For each phase, the mass conservation equation can be written 
in terms of the saturation as: 
        (10) 
When the gas phase has more than one gas component, the mass conservation of component i in the gas phase is: 
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    (11) 
where Dg is the dispersion coefficient in the gas phase [L2/T], and Eig is the mass fraction of component i in the 
injected gas mixture [-], 
             (12) 
In the aqueous phase, the mass conservation of component i yields: 
      (13) 
The mass transfer between the water and gas phases is defined through the mass transfer coefficient K. Considering 
CO2 dissolution and CH4 outgassing: 
       
      (14) 
where ciw is the Darcy-scale concentration of component i in the aqueous phase [M/L3], cCO2,sol is the solubility of 
CO2 in the aqueous phase [M/L3]. Here, the mass transfer coefficient is approximated as a power function of the gas 
saturation as previously determined: 
ܭ ൌ ቊ
ͳǤʹ͸ ڄ ݏ௚ଶǤ଼ସǡ ݓ݄݁݊Ͳ ൏ ݏ௚ ൏ ͳǡ
Ͳǡݓ݄݁݊ݏ௚ ൌ ͳǤ
        (15) 
5. Darcy-Scale Simulations 
5.1. Comparison to the Column Experiments 
We first simulate the gas injection of the column test. Eqs. (2), (10), (11), and (13) are solved in a 1-D general 
PDE module in COMSOL. A gas mixture of CO2 and Ar is injected through the inlet boundary at a constant flow 
rate of 1.2×10-4 kg/s/m2 and with a gas saturation of 1 (sg=1). The outlet boundary is an outflow boundary with 
atmosphere pressure. Table 1 shows the parameters used in the 1-D numerical model. Results of the 1-D simulations 
agree with those of the laboratory experiments (Figure 6). In order to capture the tail of the breakthrough curve of 
CO2, we had to use a mass transfer coefficient that is smaller than the value obtained from the pore-scale simulations 
for the CO2 dissolution:  
ܭ௖ ൌ ͲǤͳʹ͸ ൈ ݏ௚ଶǤ଼ସ          (16) 
where Kc is the mass transfer coefficient of CO2 from the gas phase to the aqueous phase. This indicates that the CO2 
dissolution into the aqueous phase is limited by the mass transfer process because of the presence of a porous 
medium, i.e., non-equilibrium CO2 dissolution is observed. On the other hand, the mass transfer of CH4 into the gas 
phase, Km, is faster than CO2 dissolution, and is equal to the pore-scale value (Km=1.26×sg2.84). The difference 
between the two mass transfer rates might result from the different dispersion rates in the supercritical and aqueous 
phases. In addition, the discrepancy from the pore-scale mass transfer rate indicates the non-equilibrium at the Darcy 
scale, which is not included in the pore-scale mass transfer rate. The results show that CO2 dissolution is more 
affected by the incomplete mixing that occurs at the scale of a column test. The effect of the dissolution rate on the 
CO2 injection will be further discussed in the next section. 
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Figure 6. Comparison of column test and simulated gas breakthrough curves  
Table 1. Model parameters 
Parameter (unit) Value 
L, column length (m) 1 
I, porosity (-) 0.3 
N, permeability (m2) 1×10-13 
Ug, density of gas (kg/m3) 2 
Uw, density of water (kg/m3) 1000 
Cg, compressibility of gas (1/Pa) 3.9×10-8 
Cw, compressibility of water (1/Pa) 0 
Pg, viscosity of gas (Pa.s) 7×10-5 
Pw, viscosity of water (Pa.s) 1×10-3 
mg, power-law exponent of the gas phase in Eq. (8) (-) 3 
mw, power-law exponent of the gas phase in Eq.(8) (-) 3 
sgr, residual saturation of gas (-) 0 
swr, residual saturation of water (-) 0 
Dg, dispersion coefficient of CO2 in gas phase (m2/s) 5×10-8 
Dw, dispersion coefficient of CO2 in water phase (m2/s) 1×10-8 
CCO2,sol, aqueous solubility of CO2 (mol/m3) 3.4 
CCH4,sol, aqueous solubility of CH4 (mol/m3) 0.5 
5.2. Comparison of CO2 Migration in Shallow and Deep Aquifers 
In this section, we use the 1-D numerical simulations to investigate the effects of the dissolution rate on CO2 
plume migration. The CO2 injection into the brine aquifer is modeled as a two-phase two-component (CO2 and H2O) 
miscible flow. The length of the porous medium is 2 m. The porous medium is saturated with water at t=0. CO2 is 
injected through the inlet boundary at a constant flux of 1×10-5 kg/m2/s and with a gas saturation of 1 (sg=1). The 
outlet boundary is an outflow boundary with a constant pressure. Two scenarios are discussed here: a shallower 
brine formation in which CO2 density is 50 kg/m3 and CO2 aqueous solubility is 33 mol/m3, and a deeper brine 
formation in which the density of supercritical CO2 is 500 kg/m3 and CO2 aqueous solubility is 95 mol/m3.  
As CO2 dissolves into the aqueous phase, the breakthrough of the gas phase is delayed as expected (Figure 7). 
Despite a higher CO2 solubility in the deeper aquifer, the increased CO2 dissolution has a small effect on the gas 
phase migration because most of the CO2 mass is still in the supercritical phase. However, although it is generally 
assumed that the mass of CO2 dissolved in the aqueous phase has a negligible effect, we demonstrate that the mass 
transfer rate affects the breakthrough the CO2 gas phase. The flow approaches instantaneous equilibrium scenario as 
the mass transfer rate increases. For the scenario with a mass transfer rate as K=1.26sg2.84, the breakthrough of the 
gas phase is the same as the scenario without dissolution, except for an apparent retardation effect. This indicates an 
equilibrium dissolution under this mass transfer rate. When the mass transfer between the aqueous and gas phases is 
slow (e.g., K=0.00126sg2.84), the gas phase breaks through earlier than the previous case at a smaller gas saturation. 
The gas saturation in the slow mass transfer case increases slowly to the values in the scenarios with no dissolution 
and high mass transfer rate, demonstrating the effect of incomplete mixing, i.e., non-equilibrium dissolution. 
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Aqueous CO2 concentration decreases as the mass transfer slows down (Figure 8). With a slow mass transfer rate, 
the amount of CO2 dissolved into the aqueous phase is negligible.  
Therefore, the CO2 dissolution rate obtained previously (Kc=0.126sg2.84) indicates a non-equilibrium dissolution, 
whereas the CH4 outgassing process (with Km=1.26sg2.84) can be treated as instantaneous equilibrium. 
 
           a. ߩ௚=50 kg/m3, ܿ஼ைమǡ௦௢௟=33 mol/m
3                                         b. ߩ௚=500 kg/m3, ܿ஼ைమǡ௦௢௟=95 mol/m
3 
Figure 7. Simulated breakthrough curves of gas phase at x=2m (pure CO2 injected) 
 
Figure 8. Simulated breakthrough curves of aqueous phase at x=2m (pure CO2 injected) 
6. Conclusions 
In this study, the outgassing of CH4 from brine during a CO2 injection was demonstrated in well-controlled 
laboratory experiments, which, for the first time, rigorously proved that CH4 would outgas from the brine and 
dissolve into the injected CO2 plume during two-phase transport processes. Applied to geological sequestration 
settings, these results strongly suggest that a bank of little-soluble gas originally present in the brine phase will 
develop at the front of the injected CO2 plume. We considered CO2 dissolution and CH4 outgassing as non-
equilibrium processes by introducing a mass transfer rate. Pore-scale simulations were used to evaluate the non-
equilibrium CO2 dissolution at the pore scale, from which we obtained a power-law relationship between the mass 
transfer rate and the gas saturation as K=1.26sg2.84. This power-law relationship was used for the Darcy-scale 
simulations, and was further calibrated by comparing the breakthrough curves of the Darcy-scale simulations and the 
column experiments. The calibration indicates that, the CO2 dissolution process is controlled by the incomplete 
mixing at the Darcy scale and is non-equilibrium, while the CH4 outgassing can be treated as an equilibrium process. 
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